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E. cob D-glyceraldehyde-3-phosphate dehydrogenase covalently bound to Sepharose was shown to form a complex with soluble E. coR 
3-phosphoglycerate kinase with a stoichiometry of 1.77~_0.61 kinase molecules per tetramer of the dehydrogenase and an apparent K., of 
1.03+0.68/tM (10 mM sodium phosphate, 0.15 M Noel). No interaction was detected between E. colt t>glyceraldehyde-3-phosphate dehydrog~nase 
and rabbit muscle 3.phosphoglycerate kinase. The species-specificity of the bienzyme association made it possible to develop a kinetic approach 
to demonstrate he functionally significant interaction between E. colt o-glyceraldehyde-3-phosphate dehydrogenase and E. colt 3.phosphoglycerate 
kinase, which consists of an increase in steady-state rate of the coupled reaction. 
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1. INTRODUCTION 
The problem of specific interactions between various 
enzymes of the glycolytic pathway has attracted consi- 
derable interest over the last decade [1-3]. Weber and 
Bernhard were the first to suggest an association be- 
tween D-glyceraldehyde-3-phosphate dehydrogenase 
(GPDH) and 3-phosphoglycerate kinase (PGK); they 
presented kinetic evidence for a direct transfer of 1,3- 
bisphosphoglycerate via an enzyme-substrate-enzyme 
complex and came to the conclusion that in the coupled 
two-enzyme r action the 1,3-bisphosphoglycerate PGK
complex serves as the substrate for GPDH [4]. Recent 
reinvestigations [5-7] produced no experimental 
support for this assumption. First, the dissociation of 
1,3-bisphosphoglycerate from its complex with PGK 
was shown to be an intrinsically rapid reaction step that 
does not require the presence of OPDH. Second~ the 
kinetics of 1,3-bisphosphoglycerate transfer from PGK 
to GPDH were consistent with prior dissociation of the 
complex according to a free-diffusion mechanism of 
metabolite transfer [6,7]. No kinetic evidence for the 
interaction between the two enzymes was obtained in 
these studies. 
At the same time, the possibility of specific associa- 
tion between PGK and GPDH was demonstrated by 
physico-chemical methods [8-11]. The results obtained 
were in line with the suggestion that the strength of the 
bienzyme association varied depending on the source of 
the enzymes. It is therefore possible that both free and 
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complexed enzymes may function within the cells. Is 
there any difference in their catalytic effectiveness? 
To answer this question, one has to compare the 
kinetics of a coupled PGK--GPDH reaction performed 
by free enzymes with that performed by enzymes bound 
in a complex. Such an investigation was attempted in
the present study. Advantage was taken of the fact that 
E. coli GPDH formed a complex with PGK isolated 
from the same source, but did not interact with rabbit 
muscle PGK. Thus, the kinetics of the coupled reaction 
catalyzed by the bienzyme complex could be studied 
using the system of the non-interacting enzymes as con- 
trol. The results obtained provide evidence of changes 
in the kinetics of the coupled reaction catalyzed by the 
bienzyme complex suggesting a possibility of channe- 
ling of 1,3-bisphosphoglycerate from the catalytic site 
of PGK where it is synthesized, toward the catalytic site 
of GPDH. 
2. MATERIALS AND METHODS 
NAD', NADH, ATP, human serum albumin, and glycine were 
purchased from Reanal (Hungary); 3-phosphoglycerate, Coomassie 
O-250, from Sis-aria (USA), Tris from Merck (Germany), EDTA, di- 
thiothreitol and sodium phosphate, from Serva (G~rmany). D.-Glyce- 
raldehyde-3-phosphate was prepared from D-fructose-6.phosphat¢ 
[12]. 1,3-Bisphosphogly~rate was prepar¢.d as described in [13]. 
Sepharose 4B wa.~ pfirehased from Pharmaeia (Sweden). GPDH and 
PGK from rabbit skeletal muscle were prepared following the affinity 
elution method with slight modifications [9]; the enzyme~ from £. colt 
were purified using the procedure which will I~ published elsewhere. 
The enzymes appeared homogencom when examined by polyaeryl- 
amide gel electrophoresis carried out according to Laemmli [14] and 
exhibited specific aetiviticz of 160-220 U/me (GPDH) and 350-500 
U/ms (PGK). Protein concentrations were determined by the method 
of Bradford [15]. Concentrations of all enzymes (tetramerie GPDH 
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and monomeri¢ PGK) are reported as the active site concentrations, 
Stopped-flow kinetic experiments were performed at 20°C with an 
Aminco DW.2000 spectrophotometer; experimental conditions are 
specified in the legends to figures, Reactions were monitored at 340 
minus 500 am. 
Immobilization of E: coil GPDH on $epharose 4B was performed 
as previously described [16], 1 g of wet $epharose was activated with 
30 mg CNBr, The amount of immobilized enzyme was estimated by 
the modified Bradford method [17], Titration of immobilized GPDH 
with soluble PGK was l~rformed as follows, A series of samples were 
prepared, each containing immobilized GPDH (1.0/.tM), Increasing 
concentrations of soluble PGK (0-30/aM) were added to the samples, 
the total volume of each sample being constant (1,0 ml), The reaction 
was carried out in 10 mM sodium phosphate buffer, pH 7.6, contain. 
ing 0.15 M Natl, After gentle stirring, the samples were incubated for 
30 rain at room temperature, The gel was then settled by ¢,¢ntrifugation 
and the protein concentration was determined inthe supernatant. The 
exclusion volume of the immobilized enzyme suspension was deter. 
mined in a separate xperiment using the system of Sgpharos¢-bound 
serum albumin-soluble PGK, The exclusion volume was found to be 
0,2__.0,01 ml/ml of the packed gel, The computations were performed 
on an IBM-XT compatible personal computer using the Graph PAD/ 
In Plot/Version 3,0 N non-linear egression program, 
3. RESULTS 
Fig. 1 demonstrates the results of  t itration of  im- 
mobil ized E. coli GPDH with soluble PGK.  In two 
series o f  samples, the titration was performed with 
kinase isolated f rom E. coil (1) and from rabbit muscle 
(2). In the first case, complex format ion was detected 
with an apparent  Ka of  1.03 _.+ 0 .68 /zM and a stoi. 
ehiometry o f  1.77 __. 0.61 kinase molecules per tetramer 
of  the dehydrogenase,  Specific iigands (NAD ÷, ATP  or 
o-glycecaldehyde 3-phosphate) exhibited no effect on 
the strength o f  the bienzyme association. Fig. 1 also 
shows that no measurable interaction occurred between 
E. colt dehydrogenase and rabbit muscle kinase, 
suggesting a strong species-specificity o f  the bienzyme 
association. This finding proved rather valuable in our 
subsequent studies carried out with soluble enzyme 
preparations. 
In these series of  experiments, rapid kinetic studies 
were performed to follow the coupled reaction catalyzed 
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Fig, 1. Interaction of Sepharose-bound E. colt GPDH with soluble 
PGK from E, coli (I) and from rabbit muscle (2). 10 mM sodium 
phosphate buffer, pH 7,6, 0,15 M NaCl, 2 mM dithiothreitol, 1,0 pM 
matrix-bound E, colt GPDH. $¢e ~¢¢tion 2 for details. The data am 
consistent with the binding of 1.77~0,61 reel of PGK per reel of the 
tetrameri¢ GPDH with an apparent Kd of 1,03:1:0.68/aM, 
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Fig. 2, Dependence of the steady-state rate of the coupled PGK- 
GPDH reaction on the concentration f the dehydrogenase, One syr- 
inge o£ the stopped-flow apparatus contained 80 mM Tris-HC! buffer, 
0.5 mM NADH, 4,8 mM ATP, 30 mM 3-phosphoglycerate, 14 0 mM 
MeSOn, 1 mM dithiothreitol, pH 7,6, in a volume of 2 ml. The other 
syringe contained 80 mM Tris-HCl buffer, 1.0 mM NAD*. 1 mM 
dithiothreitol, pH 7,6, 2,0#M IS, colt PGK and varyin~ concentrations 
of E, col/(1) or rabbit muscle (2) GPDH. Sample 3 = the same as 
sample 1, but 0.3 M NaCI was present, Curve 2, no NaCI was added 
(®); 0,3 M NaCI was present (o), 
by PGK and GPDH;  the enzymes were taken at con- 
centrat ions ufficiently high to ensure that they could 
associate in a complex. The experiments were aimed at 
compar ing  the kinetics o f  the coupled reaction catalyzed 
by two enzyme pairs: (1) £. coli PGK- rabb i t  muscle 
GPDH;  and (2) E. coli PGK-E .  colt GPDH.  The con- 
centrat ion o f  PGK was equal in the two cases; saturat-  
ing concentrat ions o f  Mg-ATP  and 3-phosphoglycerate 
were used. Under  these condit ions;  the steady-state rate 
o f  the overall reaction was observed to depend on the 
GPDH concentrat ion (Fig. 2). As shown in Fig. 2, the 
character o f  the dependence was different with the two 
enzyme pairs. In the case o f£ .  coil PGK-E .  coli GPDH 
pair (curve 1), the maximal  steady-state rate was 
attained at lower concentrat ions o f  the attxiliary ca- 
5- pho,~,pho91~cer'~Te ,mM
Fig. 3. Steady-state rate of the coupled PGK--GPDH reaction as a 
function el" 3-phosphoglycerate concentration. One syringe of the 
stopped-flow apparatus contained 80 mM TrP,-HCI buffer, 0.5 mM 
NADH, 1,0 mM NAD', 4,8 mM ATP, varying concentrations of 
3-phosphoglycerate, 7 mM M8SO4, 1 mM dithlothreltol, pFI 7.6. The 
other syringe contained 80 mM Tris-HCl buffer, 1 mM dithiothreitol, 
7 mM MgSO~, pH 7.6, and varying concentrations of enzymes. (1) 
Rabbit muscle PGK 8 I~M, E. colt GPDH 8/.tM; (2) E. colt POK 8 
IJM, E, colt OPDH 8pM; (3) rabbit muscle PGK 8 /~M, £, colI GPDH 
80/aM, 
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zyme, than in the case of the non-interacting enzymes 
(curve 2). The effect could not be attributed to different 
affinities of E. call and rabbit muscle GPDHascs for 
1,3-bisphosphoglycerate (th  apparent Km values for 
this substrate measured under the employed experimen- 
tal conditions were 19.0/zM for E. coli and 16.7/~M for 
rabbit muscle dehydrogenase). 
These results led us to conclude that some kinetic 
advantages arise from specific interactions between the 
E. coil enzymes, The results of  experiments carried out 
at high ionic strength, i.e. under the conditions known 
to weaken enzyme-enzyme interactions, lend support o 
this conclusion. As seen in Fig. 2, curve 3, in this case 
the kinetic behaviour of the E. car PGK-E. coil GPDH 
pair becomes nearly identical with that of the pair of 
non-interacting enzymes. 
Another series of experiments was carried out using 
different combination of enzymes, with E. carl GPDH 
as an auxiliary enzyme. In this case, the kinetics of 
reaction carried out by rabbit muscle PGK-E. coil 
GPDH and E. coli PGK-E. carl GPDH were compared, 
Fig. 3 demonstrates that under the experimental condi- 
tions employed (the ratio of PGK active sites/GPDH 
active sites being equal to 1), the steady-state rate ex- 
hibited by the interacting enzymes (curve 2) was consi- 
derably higher than that observed in the case of the non- 
interacting ones (curve 1). These results uggest that in 
the absence of specific enzyme-enzyme interactions, 
when 1,3-bisphosphoglycerate must diffuse from rabbit 
muscle PGK to £. carl GPDH via the reaction medium, 
the concentration f the latter enzyme (under the condi- 
tions of Fig. 3), '19) is too low to ensure that the kinase 
reaction to the rate-limiting step; the effect produced by 
an excess of GPDH is seen in Fig. 3, '3'. 
4. DISCUSSION 
To obtain reliable information about the capability 
of a given enzyme pair of specifically interacting to form 
a complex, one has to apply an appropriate experimen- 
tal approach. In the variety of physico-chemical 
methods used thus far to study associations between 
glycolytic enzymes, the technique based on matrix im- 
mobilization, first introduced by Beekmans and Ka- 
narek [18], seems to be among the most appealing. 
Using this approach, we have demonstrated specific as- 
sociation between rabbit muscle GPDH and lactate dv- 
hydrogenase [19], as well as between GPDH and PGK 
isolated from baker's yeast [8] and rabbit muscle [9910]. 
Comparison of the results obtained on enzymes i olated 
from different sources leads us to conclude that the 
strength of interaction between homologous GPDH 
and PGK is not the same in each case; it is weakest 
between mammalian muscle enzymes and strongest be. 
tween bacterial ones. 
It should be noted, however, that the values of K,, 
which characterize enzyme complexes immobilized on 
solid support, may differ from those of  the soluble com- 
plexes. It seems plausible that non-covalent interactions 
with the matrix confer stability to a complex, lowering 
its Kd. Bearing in mind such considerations, we made 
no attempt o evaluate the extent of complexation be- 
tween soluble GPDH and PGK under our experimental 
conditions. It seems likely that part of the enzyme mo- 
leeules might have remained unbound and catalyzed the 
coupled reaction through a free-diffusion mechanism, 
but the results of kinetic studies indicate the existence 
of a functioning bienzyme complex. The large dif- 
ferences in steady-state kinetics between the associating 
and non-associating enzyme pairs can be explained by 
two different molecular mechanisms (or by a combina- 
tion of them). Either there is channeling of the inter- 
mediate between the kinas¢ and the dehydrogenas¢, or 
the enzymes in the complex have more favorable kinetic 
constants than those of the unassociated enzymes. 
Work is in progress to clarify this problem. 
In conclusion, our data are consistent with the idea 
that functional consequences of specific interaction be- 
tween PGK and GPDH may be an important factor 
contributing to the ability of enzymes to work effi- 
ciently. The role of this factor will increase under the 
conditions favoring enzyme-enzyme interactions. 
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